
VOLUME 44, NUMBER 2) PHYSlCAL REVIEW LETTERS 9 JvNE 1980

Surface-State Contribution to the Electroreflectance of Noble Metals
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The effect of electromodulation of surface states on the electroreflectance of Ag(110)
is investigated with use of results from a first-principles, self-consistent pseudopoten-
tial calculation of the surface electronic structure. Our model explains the polarization
anisotropy observed on the (110) face of Ag, Cu, and Au. A broadening of the surface
state by - 1 eV is explained by interactions of water dipoles at the metal-electrolyte in-
terface.

PACS numbers: 78.20.Dj

An intense electric field (- 10' V/cm) can be
applied to a metal surface in the presence of an
electrolyte. The applied field is highly localized
in the metal-electrolyte boundary: It is screened
out within the first layer in the metal and decays
rapidly inside the electrolyte. Thus measure-
ments of the change in the optical reflectance of
the system as the electric field is varied (elec-
troreflectance) provide a sensitive probe of the
electronic structure of the metal-electrolyte in-
terface. Many experimental investigations' '
have been performed, especially on noble-metal
electrodes. Of the various theories proposed" '
the free-electron model, "which accounts for
the modulation of the free-electron concentration
at the surface by the electric field, is the most
successful in explaining semiquantitatively early
experimental results on polycrystalline Au and

Ag electrodes. ' However, the free-electron mod-
el has a serious shortcoming in its inability to ex-
plain the polarization anisotropy of the normal-
incidence electroreflectance of the (110) faces of
noble metals. This anisotropy was first observed
on the Ag(110) surface' by Furtak and Lynch and

has subsequently been found on the Au(110) and

Cu(110) surfaces also." The observed effect
varies with the bias potential' and is sensitive to
adsorption on the surface. " Furtak and Lynch'
attribute the anisotropy to field-assisted inter-
band transitions; however, their model predicts
that Ag should be the only electrode exhibiting
this effect. Surface microstructures' and anisot-
ropy of the electron mass' have also been invoked
as causes of the observed anisotropy, but no de-
tailed theory has yet been presented based on
these mechanisms. We have performed self-con-
sistent pseudopotential calculations of the elec-
tronic structure of the Ag(110) surface for vari-
ous applied fields. From our results we find that
the observed anisotropy is caused by electromod-

ulation of surface states on the metal.
We first discuss the free-electron model using

the McIntyre-Aspnes model. " For normal inci-
dence, the change in reflectance 4R/R caused by
a change «2 of the complex dielectric function
of the interfacial region is given by the formu-
lall, 12

" [~."«.'(s) + (s, —e, ')&e,"(z)]dz

where q is the wave vector of the incident light,
e, = e,'+is, " is the bulk metal dielectric function,
e, is the dielectric constant of the electrolyte,
and z is the surface normal. The free-electron
model assumes that only the free-electron (or in-
traband) part s,t of the metal dielectric function
is modulated by the electric field at the surface;
the reflectance change bR/R can then be ex-
pressed in terms of the induced surface-charge-
density modulation ho which can be related to the
modulating cell potential. The free-electron mod-
el predicts ~/R to be independent of the light
polarization, in contradiction to experimental ob-
servations. Other experimental evidence exists'
which points to the necessity of including modula-
tions in the bound electron (or interband) part of

Since the electric field penetrates less than
a layer into the metal, it is imperative that any
considerations of modulation of interband transi-
tions be based on the surface electronic struc-
ture. Although surface-state modulation has pre-
viously been suggested' as a source of electrore-
flectance, no detailed calculation has previously
been reported.

The electrolytes and range of bias potentials in
the experiments are selected such that contact
adsorption of ions on the electrode is absent. In
such cases, the layer of electrolyte next to the
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metal is composed almost exclusively of water
molecules which do not interact chemically with
the silver surface. Thus the electrolyte perturbs
the metal only through the local electric fields
produced at the surface. We have therefore cal-
culated the electronic structure of the Ag(110)
surface for different applied electric fields. The
self-consistent pseudopotential method" employed
has been successfully applied to various calcula-
tions on clean and adsorbed surface of a number
of materials. The surface is simulated by peri-
odic slabs each nine layers thick, with a separa-

0
tion oi' 9 A between neighboring slabs. The Ag
pseudopotential used was generated by fitting to
the eigenvalues and wave functions of the Ag atom
in a manner similar to that proposed recently by
Hamann, Schluter, and Chiang. '4 Only s and p
valence electrons are treated with this potential.
An independent calculation for a five-layer slab
using a first-principles pseudopotential" includ-
ing the 4d electrons yields the same sp surface-
state distribution which further substantiates the
applicability of our potential. The projected band
structure for the Ag(110) surface is presented in
Fig. 1. The black lines labeled A and B indicate
the positions of two empty surface bands for zero
field, located in energy gaps around the symme-
try points X and X' of the surface Brillouin zone
(SBZ). Self-consistent band structures were then
calculated for fields corresponding to induced
charge densities of + 2.0 pC/cm' and + 16.7 pC/
cm' on the surface. The surface charge is in-
duced by the application of a periodic long-wave-

length potential. Results of our self-consistent
calculations show that the applied potential is
rapidly screened out in the metal (see Fig. 2).
Our calculated induced charge density resembles
jellium results" when averaged parallel to the
surface, but has large variations parallel to the
surface due to the crystal structure which is not
taken into account by the jellium model. The po-
sitions of the surface bands are very sensitive
to the applied field, shifting up by 0.6 eV relative
to the bulk band structure for an induced charge
of 16.7 pC/cm' which corresponds roughly to a
bias potential of 0.3-0.5 V. Thus a modulating
electric field would produce significant shifts in
the interband contributions involving the surface
state and hence lead to a reflectance modulation.

The experimental electroreflectance spectrum
for Ag is sharply peaked at 3.9 eV, which coin-
cides with the beginning of interband transitions
in the bulk. Calculation of the bulk dielectric
function shows that the interband contribution at
the threshold is dominated by the I, - I-, transi-
tion. On the (110) face, four of the eight equiva-
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FIG. 1. The Ag(110) projected band structure to-
gether with surface states (marked A and &) and
resonance bands (dashed lines). Inset shows the
orientation of the SBZ with respect to the cubic crys-
tal axes.

FIG. 2. The applied external potential Ve~ and the
self-consistent response &Vsc (top) and the induced
charge in electron concentration &N plotted as a func-
tion of distance perpendicular to the surface. Both
~Vsc and ~+ are averaged parallel to the surface.
The arrows indicate the position of atomic planes and
the vertical line shows the position of the surface in
the jellium model.
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lent L points are projected onto the I point of
the SBZ and the other four, + (1, 1, l)E/a and
+ (1, 1, —1)E/a, project onto the X point. The gap
in the projected bapd structure at X corresponds
to the L, —L, gap in the bulk. The surface band
A comes from a band which is split down from
the top of the gap and has s-like character where-
as bands at the bottom of the gap which have large
matrix elements with A have p-type wave func-
tions like + (x+y)+z, + (x+y) -z. Symmetry con-
siderations show that the optical matrix element
for the transition to the surface band is zero for

the (1TO) polarization and nonzero for the (001)
polarization. The bottom bands rise sharply
above the Fermi level going away from X, and
thus transitions to A occur only for a small re-
gion around X and the anisotropy in the polariza-
tion dependence of the electroreflectance re-
sponse follows naturally from matrix element
considerations. The above arguments are veri-
fied by a calculation of matrix elements with our
surface band structure.

The interband contribution can be calculated
from the surface band structure:

4 2 d'0
ae»dz =, , 2, g fy(1-f„.g)i(n'kip ~ einkQi'L+„„. P,"",+im5(&e„„.—cu), (2)

"SBZ ~ n, n' 8nn' '- +nn'

where f„y is the occupancy of the nk state, e is
the polarization vector of the light, P denotes
the principal part, and b+„„ indicates the shifts
in the energy of the n- z' transition caused by
the variation in the electric field. From our cal-
culations we obtain the optical matrix elements,
the contributing phase space, and hu/Ag for the
interband transition to the surface state. Assum-
ing a Lorentzianlike shape for the transition, we
have used Eq. (4) to evaluate the strength of the
interband contribution involving the surface state
A. Experimental results show that the anisotrop-
ic interband contribution and the free-electron
contribution are comparable in magnitude. From
this we inferred an energy width for the transi-
tion SF- 1.3 eV. The spread in initial-state en-
ergy is 0.2-0.3 eV. Thus the data imply a very
large width of - 1 eV for the surface states. This
can be understood if we take into account the in-
fluence of the electrolyte. There is a distribu-
tion in the local microscopic electric field on the
metal surface due to the random orientations in
the adjacent water dipole layer. Using a simple
electric dipole model, we have calculated the
change in the local electric field when a water
dipole flips and hence we are able to estimate
the spread in surface-state energy caused by the
disorder of water dipoles. For water-metal dis-
tances of 1.5 A and 2 A we obtain spreads of 2.4
and 0.9 eV, respectively, which accounts quite
well for the above value of SI.

Quantitative comparison with the observed bias-
potential dependence of the electroreflectance
anisotropy is difficult because of three problems:
the lack of reliable experimental data for the
electrode capacitance, the lack of information
about possible relaxation or rearrangement of
atoms at the metal surface at the interface, and

the possibility of contributions from d surface
states since in Ag the d-EE threshold lies very
close (within 0.1 eV) to the L,.- L, threshold.
However, some qualitative trends can be under-
stood from our model. Near the potential of zero
charge (pzc) the surface band lies at an energy
below the interband threshold and no anisotropy
is seen in the region around 3.9 eV. As the bias
potential moves to more positive potentials the
surface band is raised in energy and anisotropic
contributions appear for a range of bias poten-
tials 0.2-0.8 V above the pzc and finally disap-
pear as either the surface band moves away from
the frequency region probed or chemical reac-
tions set in when the electrode becomes too posi-
tively biased.

Similar anisotropic features have been reported
in the electroreflectance of Cu(110) and Au(110)' '
electrodes at frequencies close to the L,.—L,
transitions. It is very probable that the same
mechanism is the cause for these features as
well since the band structures are all quite simi-
lar. Anisotropic features in surface reflectance
spectroscopy of H on W(110) (Ref. 17) and Cu on
Pt(110) (Ref. 18) have also been reported. We
suspect that surface-state contributions are also
present on other crystal faces. For example, a
sharp feature in the electroreflectance spectrum
of Au(100) is observed' to shift with induced sur-
face charge at a rate very near to what is ob-
served on Ag(110).

In conclusion, we have shown that electromodu-
lation of metal surface states at the metal-elec-
trolyte interface can account for the observed
normal- incidence electroreflectance anisotropies
on the (110) face of noble-metal electrodes. Es-
timates on the magnitude of the effect indicate
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that the surface state is broadened to a width of
- 1 eV by interactions with water dipoles. Inves-
tigation on the effects of d states shouM give us
further understanding of the electroreflectance
process which shows great promise as an analyt-
ical tool for probing the metal-electrolyte inter-
face.
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The conductivity of amorphous As2Te3 and As2Te3Ce was measured down to 4.2 K at fre-
quencies ranging between 0.1 and 100 kHz. The ac conductivity below 100 K, which is
totally unaffected by the dc conductivity, is proportional to ~ T" with s =1 and g ~ 0.5 for
as-deposited films and n ~ 0.1 for annealed films. These experiments are interpreted in

terms of Elliott's theory based on electron pairs hopping over a barrier between both

paired and random defects.

PACS numbers: 72.80.Ng, 72.20.Fr, (3.60.Fw

The ac conductivity of chalcogenide glasses
(As, Te, and As, Te,Ge) has been measured for the
first time at low temperatures. The power of
such an experiment resides in the fact that the dc
conductivity is completely removed from the
measurement. This avoids the difficult problem
of subtracting the dc conductivity (vd, ) from the
total measured conductivity to obtain the frequen-
cy-dependent conductivity [a'„(v)j. Indeed, this
subtraction is crucially dependent on the model
one assumes for the ac conductivity. ' ' The
main result of this study is that the low-temper-

a«re (T &100 &) ac conductivity is proportional
to ~ T with s —1 and n = 0.5 for as-deposited
films and n = 0.1 for annealed films. It will be
shown that this behavior is inconsistent with the
quantum mechanical tunneling (QMT) theory.
On the other hand, the results can be interpreted
in terms of Elliott's theory" "which assumes
correlated barrier hopping" (CBH) between both
paired and random charged defect centers. The
low-temperature measurements suggest also that
the temperature dependence (inc ~ T) calculated
for CBH between random defect centers" does
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